In order to better understand the impact of the Fukushima Daiichi Nuclear Power Plant (FDNPP) 11 accident on a commercial marine species, neon flying squid (Ommastrephes bartramii), samples 12 obtained from the northwestern Pacific in November 2011 were analyzed for a range of artificial 13 and natural radionuclides (Cs-134, Cs-137, Ag-110m, U-238, Ra-226 and K-40). Short-lived 14 radionuclides Cs-134 and Ag-110m released from the Fukushima Nuclear Power Plant (NPP) 15 accident were found in the samples, with an extremely high water-to-organism concentration ratio 16
Introduction 29
带格式的: 居中 validation was carried out with standard solutions of Gamma rays from artificial radionuclides Zn-65) and natural radionuclides (K-40, Ra-226 and U-238) were analyzed using a planar HPGe 88 detector (Model BE6530 with Multi Channel Analyzer Lynx system; Canberra, U.S.A.). Detection 89 efficiencies for the geometry used were 2.758%, 2.72%, 2.566%, 2.152%, 1.51%, 2.10%, 1.657%, 90
1.465%, 4.30% and 8.52%, for 
Dose assessment for squid 98
The ERICA Assessment Tool (version 1.2) (Brown et al., 2008) was used with Tier 2 assessment 99 to evaluate the radiological risk to squid from the study areas in 2011. The ERICA Tool has the 100 capability to specify organism sizes, and in this study, average mass (1.3 kg) and dimensions 101 (ellipsoid equivalent of 0.3 m, 0.1 m, and 0.085 m for length, width, and height, respectively) 102 from the specimens were used to calculate dose rates. The dimensions of the average O. 103 bartramii are very similar to the standard ERICA "pelagic fish" and therefore, the dose rates, as 104 calculated by ERICA, are also similar. the external dose rates to the squid were calculated using the average of water radioactivity 110 levels in the study capture region (average of samples across all sampling locations). In this 111 instance, using the average is reasonable because the external dose rates for artificial 112 radionuclides were much lower than the internal dose rates. As a result, variable water activity 113 concentrations had little influence on overall dosages. For internal dose rates for squid, the dose 114 conversion coefficients (DCCs) were calculated within the ERICA tool (supplemental). The 115 occupancy factors were 100% in water, and weighting factors of internal low beta, internal 116 beta/gamma and internal alpha were set as 3, 1 and 10, respectively. 117
Dose from ingesting squid 118
Committed effective doses (Sv) for human consumers of squid were estimated using standard 119 exposure-to-dose conversion factors (DCFs) for ingestion from the ICRP Compendium of dose 120 coefficients based on ICRP Publication 60 (ICRP, 1999 In this study, the annual intake rate of seafood by an adult consumer is assumed to be 20 kg yr -1
124
(consistent with world per capita fish and related seafood consumption (FAO, 2016) ). As a 125 conservative assumption, the entire 20 kg yr -1 for a hypothetical consumer is assumed to be sourced 126 from the squid of the study area east of the Fukushima Daiichi NPP (in practice, only a small6 of seafood typically comes from the natural radionuclide Po-210 (~89% (Johansen et al., 2015) (Carvalho, 2011; 133 Heyraud et al., 1994; Waska et al., 2008) . 134
Whole-body concentration ratios 135
The water-to-organism whole-body concentration ratio (CRWB:Water) used here is defined as: 136
The whole-body activity of a radionuclide was estimated using a mass balance approach (Yankovich 138 et al., 2010) to reconstruct the amount of radionuclide in the whole-body of the squid. The whole-139 body to tissue concentration ratio (CRWB:Tissue) was estimated as: 140
( 2 ) 141 142 3. Results and discussion 143
Description of O. bartramii specimens 144
In total, 98 specimens were obtained from 6 stations. The mass of the specimens ranged from 118 g 145 to 2551 g, with an average of 1347 g. Sixty percent of the specimens weighed 701 g to 1700 g. The 146 trunk length of the specimens ranged from 115 mm to 440 mm, on average 333 mm. Seventy-five 147 percent of the specimens had a length greater than 290 mm (adult size), suggesting that the majority 148 of the specimens hatched in the winter of 2010 or spring in 2011 and had been living for 8 to 11 149 months (Wang and Chen, 2005) . Combining the estimated age of the squid, and assuming residence 150 in the general region east of Fukushima Prefecture, it can be inferred that most specimens had been 151 accumulating radionuclides since the Fukushima Daiichi NPP accident. However, a minor 152 proportion (the small size category) may have hatched after the accident and had shorter exposure 153 times. 154
Activity concentrations and CRs in squid 155
The activity levels of radionuclides in Table 1 * Tissues: M -muscle, G -gut, WB -whole-body. **ND: level was below the minimum detectable activity.
Whole-body to muscle and whole-body to gut concentration ratios 203
Most of non-human biota radiation dose-assessing models focus on estimation of dose rates 204 using the whole-body activity concentrations of radionuclides (Brown et al., 2008; DOE, 2004) . 205
However, muscle tissue (vs. whole-body) is measured in most monitoring programs, which 206 typically focus on seafood tissues consumed by humans. Therefore, there exists a need for 207 whole-body to tissue concentration ratios that allow for estimation of whole-body 208 concentrations from commonly measured tissue data (Yankovich et al., 2010) . 209
The whole-body to muscle and whole-body to gut concentration ratios for radionuclides in 210 squid samples are listed in Table 2 . For many radionuclides, the tissue-specific concentrations 211 for the small squids tend to be higher than those for large squids. The uncertainty of the whole-212 body to gut CRs for Cs-137 and Cs-134 are relatively high because of the comparatively low 213 level and large activity range of radiocesium in gut samples. The CRs presented here are 214 calculated for the non-equilibrium conditions following the accident. This issue is somewhat 215 compensated for by using the average activity concentrations that have accumulated over time, 216 albeit over the relatively short lifespans of the squid. Equilibrium conditions are generally not 217 achieved in natural systems, and our results, all CRs should be considered in context. Further 218 research is necessary to obtain a better estimation the biokinetics of uptake in squid and of the 219 whole-body to gut CRs for Cs-137 and Cs-134. 220 * CR: WB-M represents whole-body to muscle concentration ratios, WB-G represents whole-body to gut concentration ratios, and WB-W represents whole-body to water concentration ratios.
222
** NA: Data not available because radioactivity of specific radionuclides in at least one tissue was below the MDA.
223
*** Values for Cs-134 and Cs-137 were calculated using mean Cs-134 and Cs-137 seawater activity concentrations of 35.1 and 36.2 Bq m -3 , and the values for Ag-110m were calculated using the
Dose assessment results 226

Dose rates for squid 227
The internal radiological dose rates in squid from artificial radionuclides ( 110m Ag, 134 Cs and 137 Cs) 228
were collectively much higher than the external dose rates (Fig. 4) . This is consistent with the 229 observed accumulation of radionuclides inside the squid body as compared with that in the 230 surrounding seawater. The internal dose rates from FDNPP-associated artificial radionuclides were 231 lower, by two orders of magnitude, than those from the natural radionuclides measured in this study. 232
Only approximately 1.4% of the total dose rate is estimated to have come from the Fukushima 233
Daiichi NPP releases. The total dose rate for squid is 0.15 μGy·h -1 from radionuclides measured in 234 this study, and increases to approximately 0.61 μGy·h Table 3 Ingestion dose estimates for human consumers of the squid in this study (Sv y -1 based on 270 20 kg consumption of study squid). 271
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